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The effect of incorporating alkaline nitrates in hydrotalcites for use in the combustion of particulate matter
from diesel emissions has been studied. The catalysts were characterised by X-ray diffraction (XRD), N2 ad-
sorption, scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), elemental analysis
(EA), atomic absorption spectrophotometry (AAS) temperature programmed reduction (TPR) and Fourier
transform infrared spectroscopy (FTIR). Activity measurements were carried out using a thermobalance in
air and using a fixed-bed reactor with a NO/O2 flow. The observed activities decreased in the following
order: HTMgAlcCs > HTMgAlcK > HTMgAlcLi > HTMgAlc.

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
1. Introduction

Hydrotalcites (HTs), also called layered double hydroxides, are
currently garnering attention for their potential uses as adsorbents,
catalyst supports, catalysts, and polymer additives, as well as for
their applications in the ceramic industry.

The structure of HTs is similar to that of brucite, Mg(OH)2, where-
in Mg2+ is octahedrally coordinated to six hydroxyl groups. If some
Mg2+ ions are substituted by Al3+, a residual positive charge appears,
which is then compensated for with water molecules and anions that
are localised in the interlayer region.

HTs are classified as anionic clays with a general formula of
[M(II)1 − x M(III)x (OH)2] (Am−)x/m. nH2O], where M(II) is a divalent
cation, M(III) is a trivalent cation, A is an anion with charge m−, and x
is the M(III)/(M(III) + M(II)) molar ratio (Cavani et al., 1991; Vaccari,
1998).

It is possible to prepare a large number of HTs because there are
several possible combinations of bivalent and trivalent ions, and
there are several anions that can be used.
onzi).
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The emissions of diesel motors are a complex mixture of gaseous
compounds and solid particles. The gaseous compounds are carbondiox-
ide, oxygen, nitrogen,water, carbonmonoxide, nitrogen oxides and a va-
riety of hydrocarbons with low molecular weights. The particles consist
of a core of elemental carbonwith adsorbed polyaromatic hydrocarbons.

Particulate matter (PM) or soot is an undesired sub-product in
several combustion systems. In particular, the emissions of diesel mo-
tors are very harmful to human health because PM remains inside the
lung tissue. PM is an environmental contaminant, and it can be elim-
inated by catalytic combustion or removed using special filters that
can be regenerated.

Recently, calcined-HTs have been applied in the catalytic abatement
of NOx and SO2 (Perez-Ramirez et al., 1999; Sanchez-Cantu et al., 2010)
in oxidative reactions (Sachdev et al., 2010) and in the simultaneous re-
moval of NOx and soot (Wang et al., 2007). The combustion of soot re-
quires high reaction temperatures at which the storage of NOx is poor
(Li et al., 2009). Thus, the simultaneous removal of soot and NOx from
the gas emissions of a combustion enginemuffler at low operation tem-
peratures is difficult to achieve. The study of new catalysts for this task
is still a great challenge.

Catalysts containing compounds of alkaline metals (i.e., potassium,
lithium and cesium) are particularly active in soot combustion and
NOx storage. Potassium is the most studied element of the group due
to its high mobility and strong basicity (Castoldi et al., 2009; Peralta
et al., 2011; Ruiz et al., 2012; Sun et al., 2011; Ura et al., 2011; Weng
et al., 2011; Yuan et al., 1994).
 license.
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Thus, in this work, we studied catalysts that are a mixture of the
oxides formed during the calcination of hydrotalcite (calcined-HT)
and impregnation with alkaline nitrates. Alkaline nitrates have been
used for the impregnation of calcined-HT due to their low melting
point, which favours contact between the soot and the catalyst (An
and McGinn, 2006). Moreover, nitrate anions participate as redox
couples in the catalytic process that forms nitrites, a reduced species
(Bialobok et al., 2007; Carrascull et al., 2003; Galdeano et al., 2004;
Hleis et al., 2008; Lick et al., 2008; Ruiz et al., 2010, 2011).

These nitrites are then oxidised to nitrates by molecular oxygen.

2 NO−
3 þ C → 2 NO−

2 þ CO2

2 NO
−
2 þ O2 → 2 NO

−
3

When catalytic reactions of the solid–solid–gas type occur, as in
the combustion of soot with O2 in the presence of a solid catalyst,
the contact between the catalyst and the soot is a key factor for the
reaction that occurs in a soot–catalyst–O2 interface. The contact be-
tween the catalyst and the PM is very important. The soot combustion
performance under tight contact conditions reflects the intrinsic ac-
tivity of the catalysts. A loose contact condition is similar to the prac-
tical conditions that exist between the PM and the catalyst in an
exhaust pipe. In the literature, both contact conditions (tight and
loose) have been studied. Thermogravimetric analysis is widely
used as an analytical tool to follow the progression of a chemical reac-
tion. The advantages of this technique are that it requires small
amounts of sample and its rapid analysis time. Moreover, it is a very
useful technique for the evaluation of catalysts used in soot oxidation
(Aneggi et al., 2006; Bueno-López et al., 2005; Liu et al., 2005; Oliveira
et al., 2012; Shimokawa et al., 2012; Uner et al., 2005).

The possible existence of gas–solid mass transfer resistance must
be considered, but, according to Yezerets et al. (2003), mass transfer
resistances are not limiting for soot combustion in TGA systems due
to the relatively low reaction rates at temperatures below 600 °C.
To make a comparison with results obtained from different catalytic
systems, experiments need to be conducted under the same experi-
mental conditions, including the catalyst/soot/diluent ratio, amount
of sample, reaction temperature and air/nitrogen ratio.

The aims of this study are the following: i) to prepare a non-
contaminating catalyst from calcined-HT precursors with calcination
at 600 °C and impregnation with alkaline metal nitrates; ii) to evalu-
ate the catalytic activity in the combustion of soot under different ex-
perimental conditions, such as tight and loose contact conditions and
in the presence and absence of NOx; iii) to explain the different cata-
lytic behaviours of various HTs through their physical and chemical
characteristics and through the set of experiments performed here;
and iv) to test the stability of the most active catalyst in reuse cycles
and hydro-treatment experiments.
2. Experimental

2.1. Catalyst preparation

TheMg andAl hydrotalcitewas prepared via coprecipitation (Cavani
et al., 1991). An aqueous solution containing 53.37 g Mg(NO3)2 6 H2O
and 25.16 g Al(NO3)3 9 H2O in 150 ml of water (solution A) was pre-
pared while maintaining an Mg/Al molar ratio of 3. A solution
containing 36 g NaOH and 14.40 g Na2CO3 in 450 ml of water (solution
B) was prepared separately. Solutions A and B were simultaneously
added dropwise into distilled water under vigorous mechanical stirring
whilemaintaining a constant pH (9.5–10) and temperature (55 °C). The
slurry was aged for 30 min under vigorous stirring at 55 °C and was
allowed to stand in its mother liquor for 3 h. The precipitate was
washed several times until a pH of 7 was attained and was then dried
at 110 °C for 12 h. The calcined-HT was obtained by calcining the
hydrotalcite at 600 °C for 4 h. The first solid was labelled as HTMgAl,
and the second solid was labelled as HTMgAlc. The catalysts, promoted
by lithium, potassium and cesium, were prepared by impregnation (in-
cipient wetness) using the corresponding metallic nitrates while
maintaining a nitrate (NO3

−) concentration of approximately 4.5 wt.%.
The calcined-HT samples promoted by alkaline metals were calcined
at 500 °C for 2 h. These solids were labelled as HTMgAlcMe, where Me
was Li, K or Cs.

2.2. Ageing experiments with feed containing water vapour

Ageing experiments were carried out on samples of fresh catalyst
loaded in a quartz reactor fed with a gaseous current (Qtotal =
30 cm3 min−1) containing 10% O2 and 90% N2 saturated with water
vapour (7 vol.%). The ageing treatments were performed at 500 °C
for 6 h.

2.3. Catalyst characterisation

The degree of crystallinity of the catalysts was studied by X-ray dif-
fraction (XRD) using a D-Max III diffractometer (Rigaku) with Cu K ra-
diation (λ = 1.5378 Å, 40 kV, 30 mA). The surface areas and pore
volumes were determined from nitrogen adsorption isotherms mea-
sured at−196 °C in a Gemini V2.00 surface analyser (Micromeritics In-
strument Corp.). The semiquantitative analysis of the components
present in the catalysts was performed with a LEO 1450 VP Screening
ElectronicMicroscope attached to anEDAXGenesis 2000 energy disper-
sive spectrometer (EDS) at 20 kV and a working distance (WD) of
15 mm.

Samples were also studied by XPS with a Physical Electronics
PHI-750 spectrometer, equipped with an Mg-Kα (1253.6 eV) X-ray
source. Tomeasure the binding energies (α 0.1 eV), the signal of adven-
titious C 1 s that appears at 284.8 eV was used as a reference. All sam-
ples were outgassed for 12 h previous prior to analysis under ultra-
high vacuum (b1.3 × 10−6 Pa).

The elemental nitrogen, carbon and oxygen contents were deter-
mined via elemental analysis (EA) with a CHNS LECO 932 analyser.

The bulk lithium, potassium and cesium contents were determined
by atomic absorption spectrophotometry (AAS) with a PerkinElmer
AAnalyst 800 spectrophotometer.

The presence of anions in the catalysts was studied by FTIR with a
Perkin-Elmer Spectrum RX1 instrument.

Temperature programmed reduction (TPR) experiments were car-
ried out using conventional equipment. The reduction experiments
were performed using 10% hydrogen in nitrogen at a flow rate of
20 cm3 min−1 and a heating rate of 10 °C/min up to 700 °C. The mass
of the loaded sample was 20 mg.

2.4. Activity measurement

Because the contact between the soot and the catalyst is a key fac-
tor in this process, experiments were performed under both loose and
tight contact conditions. For the loose contact experiments, the soot
and the catalyst were mixed together with a spatula; for the tight
contact tests, the two components were ground together in an agate
mortar. In both cases, the mixing step was performed prior to intro-
ducing the sample into the thermogravimetric reactor.

Soot combustion was performed in a thermobalance (TG-60
Shimadzu) thermogravimetric reactor, with a heating rate of 10 °C/min,
an air flow rate of 40 cm3 min−1 and a nitrogen flow of 20 cm3 min−1.
The soot (Printex-U, Degussa) and the catalyst were ground together at
a 1/10 ratio in an agate mortar (tight contact) with alumina as the
diluent; this mixture was then introduced into the reactor. The weight
loss and temperature were recorded as a function of time. The derivative
curves (DTGA) were obtained from the weight loss information as a



Table 1
Textural properties of the hydrotalcites.

Sample SBET
(m2 g−1)

Pore volume
(cm3 g−1)

Average pore size
(Å)

HTMgAl 160 – –

HTMgAlc 269 0.277 46.1
HTMgAlcLi 240 0.331 50.8
HTMgAlcK 257 0.328 46.8
HTMgAlcCs 199 0.249 47.5
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function of time, and from these curves, the temperature at the maxi-
mum combustion rate (Tmax) was obtained. Catalyst reuse and water
ageing were also studied in the thermogravimetric reactor experiments.

The influence of the addition of NOx on the catalytic behaviour was
analysed in a fixed bed quartzmicroreactor (id = 0.8 cm). The reaction
mixture was supplied by three individually controlled lines: NO/He,
O2/He and He for balance. The composition of the mixture was 8 vol.%
of O2 and 1500 ppmof NO (Qtotal = 50 cm3 min−1) for the experiment
performed in the presence of NO. In the absence of NO, only 8 vol.% of
O2 (Qtotal = 50 cm3 min−1) was fed into the reactor. Particulatematter
wasmixed into the catalystwith a spatula prior to being introduced into
the fixed bed micro-reactor (loose contact). The mass of the particulate
matter/catalyst mixture (1/10, wt/wt) that was loaded into the reactor
was 33 mg. The temperature range studied was between 200 °C and
600 °C, and the heating rate was 1.5 °C/min. The reaction products
were analysed with a Shimadzu model GC-8A gas chromatograph
with a TCD detector. The reaction products were separated in a CTRI
concentric column (Altech). This system permitted the identification
and quantification of O2, N2, CO2 and CO. The amount of combustion
soot produced was calculated from the chromatographic information
of CO2 and CO (Ruiz et al., 2011).

2.5. Reuse of the catalysts

To study catalyst reuse, the used catalyst was mixed with fresh
Printex-U and the burning cycle was performed again. This procedure
was repeated three times.

3. Results and discussion

Fig. 1 shows the diffractograms of the hydrotalcite (HTMgAl), the
hydrotalcite calcined at 600 °C (HTMgAlc), and the calcined-HT pro-
moted with lithium, potassium and cesium nitrates (HTMgAlcLi,
HTMgAlcK, and HTMgAlcCs, respectively). When this hydrotalcite is
calcined at 600 °C, periclase, a form of magnesium oxide, is observed.
The diffractogram of the calcined-HT promoted with cesium nitrate
shows reflection lines characteristic of crystalline cesium nitrate. For
LiNO3 and KNO3 impregnation, the formation of crystalline lithium
and potassium nitrate was not observed by XRD, most likely due to
the small size of the crystallites and to the high dispersion of these
species (Zhang et al., 2007). The crystalline phase of MgO (dephased
periclase) was observed in catalysts promoted with Li and K.

The surface area was determined using BET. These values, as well
as the pore volumes and average pore sizes of the hydrotalcites, are
Fig. 1. Powder X-ray diffraction patterns of (a) HTMgAl; (b) HTMgAlc; (c) HTMgAlcLi;
(d) HTMgAlcK; and (e) HTMgAlcCs.
listed in Table 1. The surface areas of the calcined-HT promoted
with lithium nitrate and potassium nitrate remained nearly constant,
whereas that of the calcined-HT promoted with cesium nitrate de-
creased slightly. This decrease in surface area can be correlated with
XRD studies in which there was a structure with a higher degree of
crystallinity in the HTMgAlcCs sample.

The bulk and surface compositions of the alkaline metals were
analysed by AAS and XPS analysis, respectively. Table 2 lists these
compositions. The surface contents of Cs and K were determined by
XPS and were compared to those found using AAS. These results indi-
cate that only part of these cations (approximately 70%) are localised
on the surface of the catalysts. For the HTMgAlcLi sample, the pres-
ence of Li was not detected by XPS, although its bulk Li concentration
was detectable by AAS. Table 3 shows the concentrations of the alka-
line nitrates, in wt.%, estimated using the cation concentrations as de-
termined by AAS, as well as the elemental nitrogen concentration
from EA. The concentration of LiNO3 calculated using values from
EA analysis is lower than that determined using values from AAS,
thus indicating that other Li-containing species were formed during
the calcination process with a small amount of lithium nitrate
remaining unreacted. Lithium nitrate can decompose into lithium
oxide or peroxide. Because the ionic radius of Li+ is similar to that
of Mg2+, Li oxide could be partially solubilised in magnesium oxide,
occupying Li+ substitutional and interstitial sites (Catlow et al.,
1990). For KNO3 and CsNO3, the estimated concentrations of the ni-
trates from elemental analysis also indicated a lower concentration,
thus suggesting that nitrate was partially decomposed into oxide.

The FTIR spectra of the solids are shown in Fig. 2. The band at
1630 cm−1 corresponds to water bending. The spectra of the
HTMgAlcK and HTMgAlcCs samples (curves (c) and (d), respectively)
show an absorption band at 1385 cm−1 that is assigned to the anti-
symmetric stretching N–O vibration of free nitrate. These results indi-
cate the presence of free nitrate species remaining in the catalysts and
are in agreement with the EA and AAS results. However, for the
HTMgAlcLi sample (curve (b)), two absorption bands at 1400 and
1500 cm−1, corresponding to mono and bidentate nitrates, respec-
tively, are observed, while a band corresponding to the presence of
free nitrate is not observed; this sample exhibited characteristics sim-
ilar to those of HTMgAlc (curve a). From these results, it can be ob-
served that the carbonates are totally decomposed at a calcination
temperature of 600 °C for HTMgAlc; this result is in agreement with
a report by Perez-Ramirez et al. (1999).

The reducibility of the species present in the catalysts was evalu-
ated using hydrogen temperature programmed reduction. The reduc-
tion profiles of the calcined hydrotalcite and the hydrotalcites
promoted with lithium, potassium and cesium are shown in Fig. 3.
Table 2
Chemical composition analysis of the solids (in wt.%).

HTMgAlcLi HMgAlcK HTMgAlcCs

% Li, K y Cs a 0.49 2.90 9.44
% Kb – 1.97 –

% Csb – – 6.30

a AAS.
b XPS.



Table 3
Chemical compositions of the catalysts (in wt%).

HTMgAlcLi HTMgAlcK HTMgAlcCs

% LiNO3 4.87a – –

0.30b – –

% KNO3 – 7.49a –

– 4.62b –

% CsNO3 – – 13.85a

– – 8.61b

a Estimated from % alkaline cation (AAS).
b Estimated from % N as determined by elemental analysis.

Fig. 3. Reduction curves for (a) HTMgAlc; (b) HTMgAlcLi; (c) HTMgAlcK; and
(d) HTMgAlcCs.
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At approximately 325 °C, hydrogen consumption can be observed in
all of the samples. This result may be caused by the reduction of coordi-
nated nitrates that remain following calcination. These nitrates resulted
from the metal salts used to prepare hydrotalcite, as seen in the FTIR
spectra (Fig. 2). At 490 °C (curve b), hydrogen consumption occurs due
to lithium nitrate reduction, and at 520 °C (curve c and d), it occurs due
to the reduction of potassium nitrate and cesium nitrate. The increase
in hydrogen consumption (HTMgAlcLi b HTMgAlcK b HTMgAlcCs) is in
agreement with the results from AAS chemical analysis (Table 3).

Fig. 4 shows the catalytic results from the use of a thermogravimetric
reactor under tight contact conditions in a plot of conversion soot vs.
temperature. Curve (e) corresponds to the combustion of soot without
catalyst. In all samples studied, the conversion of soot increasedwith in-
creasing temperature. HTMgAlcCs (curve a) was the most active,
achieving 50% soot conversion at 410 °C, whereas HTMgAlcK (curve
b) and HTMgAlcLi (curve c) required temperatures of 430 °C and
490 °C, respectively, to achieve the same level of conversion. At
450 °C, soot conversion using HTMgAlcCs was 94%, the conversion
using HTMgAlcK was 81%, and the conversion using HTMgAlcLi was
only 7.5%. HTMgAlc (curve d), the catalyst without any alkaline nitrates,
possessed a much lower activity.

Table 4 shows the maximum combustion rate temperature (Tmax)
obtained for the combustion of the particulate matter in the presence
of air, using tight and loose contact conditions, in a thermogravimetric
reactor. This table also includes the ΔT that corresponds to the differ-
ences between the Tmax of the particulate matter with and without a
catalyst. The HTMgAlc sample exhibited low catalytic activity and
yielded a ΔT of only 30 °C. When using the promoted hydrotalcites,
the observed ΔT was between 120 °C and 200 °C for the reactions
under tight contact conditions and was in the range of 60 °C to 180 °C
for the reactions under loose contact conditions. HTMgAlcCs had the
greatest decrease in Tmax. The differences observed between the exper-
iments using both conditions (tight and loose contact) confirm the
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Fig. 2. FTIR spectra for (a) HTMgAlc; (b) HTMgAlcLi; (c) HMgAlcK; and (d) HTMgAlcCs.
necessity of using the same mixture conditions when comparing
results from thermogravimetric reactor. However, the Tmax values for
HTMgAlcCs used in both tight and loose contact conditions are similar.
This similarity could be associated with the high concentration of cesi-
umnitrate on the surface, whichmay havemelted and consequently in-
creased contact.

Fig. 5 shows the catalytic results using the fixed bed reactor with a
NO/O2 flow balanced with helium. Fig. 6 shows the activity of the cat-
alysts with only oxygen balanced with helium, fed into the reactor.
The evolution of the reaction was analysed by measuring the amounts
of CO2 and CO that were produced.

The combustion curve of the particulate matter without a catalyst
(Fig. 5, curve (e)) has a maximum temperature at 585 °C and total
combustion selectivity of 57%. In the presence of a catalyst, all maxi-
ma shifted to much lower temperatures. The HTMgAlc catalyst pos-
sessed low activity and a Tmax at 490 °C, with a selectivity to CO2 of
83%. The catalysts promoted with alkaline nitrates exhibited good ac-
tivities, with Tmax values of 360 °C, 393 °C and 431 °C for HTMgAlcCs,
HTMgAlcK and HTMgAlcLi, respectively, and a CO2 selectivity of 87%.
Fig. 4. Conversion of soot under tight contact conditions: (a) HTMgAlcCs; (b) HTMgAlcK;
(c) HTMgAlcLi; (d) HTMgAlc; and (e) no catalyst.
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Table 4
Maximum combustion rate temperature determined with the thermobalance.

Tight contact Loose contact

Catalyst Tmax (°C) ΔT (°C) Tmax (°C) ΔT (°C)

MP 616 0 616 0
HTMgAlc 586 30 608 8
HTMgAlcLi 492 124 555 61
HTMgAlcK 434 182 488 128
HTMgAlcCs 414 202 440 176
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Fig. 6. Combustion of soot in the presence of O2 for (a) HTMgAlcCs; (b) HTMgAlcK; and
(c) HTMgAlcLi.
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The Tmax values were 450 °C, 455 °C and 555 °C for HTMgAlcCs,
HTMgAlcK and HTMgAlcLi, respectively (Fig. 6), when fed into the re-
actor using only oxygen.

In the presence of either NO/O2/He or O2/He, the most active cat-
alyst is HTMgAlcCs. This behaviour has also been observed with other
supports such as zirconia and silica (Galdeano et al., 2004; Ruiz et al.,
2010, 2011). When the feed contained NO, the temperature de-
creased as a consequence of the presence of NO. This behaviour may
be associated with the capacity of the catalysts to adsorb NO and to
generate superficial NO2, which is more oxidising than either oxygen
or nitrate ions. The effect of NO addition is evident in the catalytic ac-
tivity of HTMgAlcLi; the concentration of the remaining nitrate ion
was low (Table 3) because it became an oxidised species during
calcination.

Fig. 7 shows the FTIR spectra of the promoted hydrotalcites after re-
actionwith a NO/O2 flow. In all cases, an absorption band at 1385 cm−1

is observed and is attributed to the presence of free nitrate. For the
HTMgAlcLi catalyst, the band can be seen after the reaction, whereas
in the fresh catalyst, it not was observed (Fig. 2). Moreover, an absorp-
tion band at 1268 cm−1, assigned to the antisymmetric N–O stretching
of free nitrite species, can be observed in these FTIR spectra. Similar re-
sults were previously reported with KNO3/ZrO2 catalysts (Lick et al.,
2008) and also with supported CsNO3 (Ruiz et al., 2011). These results
indicate that the presence of NO favours the formation of nitrate ions
in situ that are then reduced to nitrite. These nitrite ions are then finally
oxidised to nitrate in the presence of air.

Aluminium oxide is not the active phase in soot combustion. It has
been observed that calcined-HT containing magnesium and alumini-
um behave similarly in the combustion reaction to that containing
the divalent cation oxide (Zhang et al., 2010). There are several fac-
tors that affect the solid–solid–gas reaction system of catalytic soot
combustion. To improve the catalytic activity of calcined-HTs, these
have been impregnated with alkaline metal nitrates due to their
high mobility. The high mobility increases the efficiency of contact
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Fig. 5. Combustion of soot in the presence of NO/O2 for (a) HTMgAlcCs; (b) HTMgAlcK;
(c) HTMgAlcLi; (d) HTMgAlc; and (e) soot without catalyst.
between the soot and the catalyst. In our study, the three nitrate
salts used have melting points within the operating range of diesel
exhaust (170–400 °C). Thus, the melting point is not sufficient to dif-
ferentiate the impact on activity.

Another important factor that could improve the combustion ac-
tivity of this type of solid is the oxygen species in the bulk. In the
literature, potassium, introduced as KNO3 or K2CO3, increased
the catalytic activity in soot combustion because it weakened the
Mg–Al–O bonds and allowed the surface lattice oxygen to migrate to
the surface and become available for reaction (Zhang et al., 2007, 2010).

Finally, redox properties due to the presence of the nitrogen spe-
cies could have a significant impact on the catalytic behaviour of
these compounds. Nitrate ion reduction has been proposed as a reac-
tion mechanism for soot combustion (Hleis et al., 2008; Lick et al.,
2008; Ruiz et al., 2010, 2011). The presence of NO in the diesel emis-
sion of the exhaust pipe favours the combustion reaction due to the
regeneration of nitrate ions, as was demonstrated by FTIR (Figs. 2
and 7). Because cesium nitrate is the only nitrate observable in the
XRD results, it can be assumed that this species is more readily avail-
able for participation in the oxidation reaction as part of the redox
cycle.

The lower activity exhibited by calcined-HT impregnated with
lithium nitrate, compared to that of the other metals, could be
40060080010001200140016001800
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Fig. 7. FTIR spectra of catalysts used in the soot combustion reaction with NO/O2/He:
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Fig. 8. Soot conversion with tight contact of HTMgAlcCs: (a) fresh, (b) first reuse,
(c) second reuse, and (d) third reuse.
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attributed to the nearly complete decomposition of the salt, forming
lithium oxide that subsequently formed a solid solution in magne-
sium oxide (Catlow et al., 1990). However, some of these sites are
on the surface and can be regenerated in the presence of nitrogen ox-
ides (Fig. 7).

Because HTMgAlcCs was the most active, it was used for stability
experiments. To demonstrate that the same sample could be used re-
peatedly for soot oxidation, the catalyst was used in four successive
catalytic cycles, and the results are shown in Fig. 8. As shown, the
reuse cycles slightly affect the catalyst activity. The curves that repre-
sent the catalytic reaction with this catalyst shifted to temperatures
that were higher by approximately 25 °C with successive reuse.

Fig. 9 shows the catalytic results obtained from the use of the
hydro-treated sample. The results are plotted as soot conversion ver-
sus reaction temperature. The change in the conversion due to the
hydro-treatment (curve (b)) is negligible up to 30% conversion. At
higher conversions, a slight improvement could be observed with re-
spect to the fresh catalyst (curve (a)).
Fig. 9. Soot conversion with tight contact of HTMgAlcCs: (a) fresh and (b) hydro-treated.
4. Conclusions

It has been observed that calcined-HT containing magnesium and
aluminium exhibit behaviour in the combustion reaction similar to
that observed for the divalent cation oxide. To improve the catalytic
activity of the calcined-HT samples, these have been impregnated
with alkaline metal nitrates due to their high mobility. The high mo-
bility increases the efficiency of contact between the soot and the
catalyst.

The redox properties due to the presence of the nitrogen species
could have a significant impact on the catalytic behaviour of these
compounds. Nitrate ion reduction has been proposed as a reaction
mechanism for soot combustion by our group in previous publica-
tions. The presence of NO in the feed favours the combustion reaction
due to the regeneration of nitrate ions, which was demonstrated by
FTIR. Furthermore, cesium nitrate is more available than the nitrates
of Li and K for participation in the oxidation reaction as part of the
redox cycle because cesium nitrate crystallises. The lower activity
exhibited by the calcined-HT impregnated with lithium nitrate
could be attributed to the salt being almost completely decomposed
and to the partial solubilisation of the Li oxide in magnesium oxide;
however, in the presence of NO, the nitrates are generated again.

Stability studies conducted with HTMgAlcCs demonstrated that
the catalyst could be used for three consecutive cycles. The activity
has been slightly modified. The change in the conversion due to
hydro-treatment is negligible up to 30% conversion, and at higher
conversions, a slight improvement was observed with respect to the
fresh catalyst.

Acknowledgements

The authors would like to thank CONICET, UNSL, UNLP, and
ANPCYT. The authors would also like to thank Dr. Esther Ponzi for
her collaboration in the discussion of the results. This project was
financially supported through MAT2009-10481 and FEDER funds.

References

An, H., McGinn, P.J., 2006. Catalytic behavior of potassium containing compounds for
diesel soot combustion. Applied Catalysis B: Environmental 62, 46–56.

Aneggi, E., de Leitenburg, C., Dolcetti, G., Trovarelli, A., 2006. Promotional effect of
rare earths and transition metals in the combustion of diesel soot over CeO2

and CeO2–ZrO2. Catalysis Today 114, 40–47.
Bialobok, B., Trawczynski, J., Rzadki, T., Mista, W., Zawadzki, M., 2007. Catalytic com-

bustion of soot over alkali doped SrTiO3. Catalysis Today 119, 278–285.
Bueno-López, A., Krishna, K., Makkee, M., Moulijn, J.A., 2005. Enhanced soot oxidation

by lattice oxygen via La3+-doped CeO2. Journal of Catalysis 230, 237–248.
Carrascull, A.L., Lick, I.D., Ponzi, E.N., Ponzi, M.I., 2003. Catalytic combustion of soot with

a O2/NO mixture. KNO3/ZrO2 catalysts. Catalysis Communications 4, 124–128.
Castoldi, L., Matarrese, R., Lietti, L., Forzatti, P., 2009. Intrinsic reactivity of alkaline and

alkaline–earth metal oxide catalysts for oxidation of soot. Applied Catalysis B:
Environmental 90, 278–285.

Catlow, C.R.A., Jackson, R.A., Thomas, J.M., 1990. Computational studies of solid oxida-
tion catalysts. Journal of Physical Chemistry 94, 7889–7893.

Cavani, F., Trifiró, F., Vaccari, A., 1991. Hydrotalcite-type anionic clays: preparation,
properties and applications. Catalysis Today 11, 173–301.

Galdeano, N., Carrascull, A., Ponzi, M., Lick, I., Ponzi, E., 2004. Catalytic combustion of
particulate matter: catalysts of alkaline nitrates supported on hydrous zirconium.
Thermochimica Acta 421, 117–121.

Hleis, D., Labaki, M., Laversin, H., Courcot, D., Aboukaïs, A., 2008. Comparison of alkali-
promoted ZrO2 catalysts towards carbon black oxidation. Colloids and Surfaces A:
Physicochemical and Engineering Aspects 330, 193–200.

Li, Q., Meng, M., Zou, Z.Q., Li, X.G., Zha, Y.Q., 2009. Simultaneous soot combustion and
nitrogen oxides storage on potassium-promoted hydrotalcite-based CoMgAlO cat-
alysts. Journal of Hazardous Materials 161, 366–372.

Lick, I.D., Carrascull, A., Ponzi, M.I., Ponzi, E.N., 2008. Zirconia-supported Cu–KNO3 cata-
lyst: characterization and catalytic behavior in the catalytic combustion of soot
with a NO/O2 mixture. Industrial and Engineering Chemistry Research 47,
3834–3839.

Liu, J., Zhao, Z., Xu, C., Duan, A., Zhu, L., Wang, X., 2005. Diesel soot oxidation over support-
ed vanadium oxide and K-promoted vanadium oxide catalysts. Applied Catalysis B:
Environmental 61, 36–46.

Oliveira, C., Garcia, F., Araújo, D., Macedo, J., Dias, S., Dias, J., 2012. Effects of preparation
and structure of cerium–zirconium mixed oxides on diesel soot catalytic combus-
tion. Applied Catalysis A 413–414, 292–300.

http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0005
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0005
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0010
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0010
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0010
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0010
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0010
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0015
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0015
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0015
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0020
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0020
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0020
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0020
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0020
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0025
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0025
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0025
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0025
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0025
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0030
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0030
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0030
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0035
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0035
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0040
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0040
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0045
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0045
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0045
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0050
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0050
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0050
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0050
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0055
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0055
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0055
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0060
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0060
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0060
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0060
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0060
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0060
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0065
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0065
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0065
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0070
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0070
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0070
image of Fig.%e2%82%ac9


432 N.A. Comelli et al. / Applied Clay Science 80–81 (2013) 426–432
Peralta, M.A., Zanuttini, M.S., Ulla, M.A., Querini, C.A., 2011. Diesel soot and NOx abate-
ment on K/La2O3 catalyst: influence of K precursor on soot combustion. Applied
Catalysis A 399, 161–171.

Perez-Ramirez, J., Overeijnder, J., Kapteijn, F., Mouling, J., 1999. Structural promotion
and stabilizing effect of Mg in the catalytic decomposition of nitrous oxide over
calcined hydrotalcite-like compounds. Applied Catalysis B: Environmental 23,
59–72.

Ruiz, M.L., Lick, I.D., Ponzi, M.I., Rodriguez-Castellón, E., Jiménez-López, A., Ponzi, E.N.,
2010. Thermal decomposition of supported lithium nitrate catalysts. Thermochimica
Acta 499, 21–26.

Ruiz, M.L., Lick, I.D., Ponzi, M.I., Rodriguez-Castellón, E., Jiménez-López, A., Ponzi, E.N.,
2011. Combustion of diesel soot in NO/O2 presence. Cesium nitrate and gold cata-
lysts. Applied Catalysis A 392, 45–56.

Ruiz, M.L., Lick, I.D., Leguizamón, M.S., Ponzi, M.I., Rodríguez-Castellón, E., Ponzi, E.N.,
2012. NO influence on catalytic soot combustion: lithium nitrate and gold cata-
lysts. Industrial and Engineering Chemistry Research 51, 1150–1157.

Sachdev, D., Naik, M., Dubey, A., Gopal Mishra, B., 2010. Environmentally benign aerial
oxidation of benzoin over copper containing hydrotalcite. Catalysis Communica-
tions 11, 684–688.

Sanchez-Cantu, M., Perez-Díaz, L.M., Maubert, A.M., Valente, J.S., 2010. Dependence of
chemical composition of calcined kydrotalcite-like compounds for SOx reduction.
Catalysis Today 150, 332–339.

Shimokawa, H., Kurihara, Y., Kusaba, H., Einaga, H., Teraoka, Y., 2012. Comparison of
catalytic performance of Ag- and K-based catalysts for diesel soot combustion.
Catalysis Today 185, 99–103.
Sun, M., Wang, L., Feng, B., Zhang, Z., Lu, G., Guo, Y., 2011. The role of potassium in
K/Co3O4 for soot combustion under loose contact. Catalysis Today 175, 100–105.

Uner, D., Demirkol, M.K., Dernaika, B., 2005. A novel catalyst for diesel soot oxidation.
Applied Catalysis B: Environmental 61, 334–345.

Ura, B., Trawczyński, J., Kotarba, A., Bieniasz, W., Illán-Gómez, M.J., Bueno-López, A., López-
Suárez, F.E., 2011. Effect of potassium addition on catalytic activity of SrTiO3 catalyst for
diesel soot combustion. Applied Catalysis B: Environmental 101, 169–175.

Vaccari, A., 1998. Preparation and catalytic properties of cationic and anionic clays.
Catalysis Today 41, 53–71.

Wang, Z., Jiang, Z., Shangguan, W., 2007. Simultaneous catalytic removal of NOx and
soot particulate over Co–Al mixed oxide catalysts derived from hydrotalcites.
Catalysis Communications 8, 1659–1664.

Weng, D., Li, J., Wu, X., Si, Z., 2011. Modification of CeO2–ZrO2 catalyst by potassium for
NOx-assisted soot oxidation. Journal of Environmental Sciences 23, 145–150.

Yezerets, A., Currier, N.W., Eadler, H.A., Suresh, A., Madden, P.F., Branigin, M.A., 2003. Inves-
tigation of the oxidation behavior of diesel particulatematter. Catalysis Today 88, 17–25.

Yuan, S., Mériaudeau, P., Perrichon, V., 1994. Catalytic combustion of diesel soot parti-
cles on copper catalysts supported on TiO2. Effect of potassium promoter on the
activity. Applied Catalysis B: Environmental 3, 319–333.

Zhang, Z., Mou, Z., Yu, P., Zhang, Y., Ni, X., 2007. Diesel soot combustion on potassium
promoted hydrotalcite-based mixed oxide catalysts. Catalysis Communications 8,
1621–1624.

Zhang, Z., Zhang, Y., Wang, Z., Gao, X., 2010. Catalytic performance and mechanism of
potassium supported Mg–Al hydrotalcite mixed oxides for soot combustion with
O2. Journal of Catalysis 271, 12–21.

http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0075
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0075
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0075
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0075
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0080
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0080
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0080
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0080
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0085
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0085
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0090
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0090
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0090
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0095
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0095
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0100
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0100
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0100
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0105
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0105
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0105
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0105
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0110
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0110
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0110
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0115
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0115
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0115
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0115
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0120
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0120
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0125
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0125
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0125
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0130
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0130
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0135
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0135
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0135
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0135
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0140
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0140
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0140
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0140
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0145
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0145
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0150
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0150
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0150
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0150
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0155
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0155
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0155
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0160
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0160
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0160
http://refhub.elsevier.com/S0169-1317(13)00163-4/rf0160

	Preparation and characterisation of calcined Mg/Al hydrotalcitesimpregnated with alkaline nitrate and their activities in the combustionof particulate matter
	1. Introduction
	2. Experimental
	2.1. Catalyst preparation
	2.2. Ageing experiments with feed containing water vapour
	2.3. Catalyst characterisation
	2.4. Activity measurement
	2.5. Reuse of the catalysts

	3. Results and discussion
	4. Conclusions
	Acknowledgements
	References


